To perceive the location of touch in space, we integrate information about skin-location with information about the location of that body part in space. Most research investigating this process of tactile spatial remapping has used the so-called crossed-hands deficit, in which the ability to judge the temporal order of touches on the two hands is impaired when the arms are crossed. This posture induces a conflict between skin-based and tactile external spatial representations, specifically in the left-right dimension. Thus, it is unknown whether touch is affected by posture when spatial relations other than the rightleft dimension are available. Here, we tested the extent to which the crossed-hands deficit is a measure of tactile remapping, reflecting tactile encoding in three-dimensional space. Participants judged the temporal order of tactile stimuli presented to crossed and uncrossed hands. The arms were placed at different elevations (up-down dimension; Experiments 1 and 2), or at different distances from the body in the depth plane (close-far dimension; Experiment 3). The crossed-hands deficit was reduced when other sources of spatial information, orthogonal to the left-right dimension (i.e., close-far, up-down), were available. Nonetheless, the deficit persisted in all conditions, even when processing of non-conflicting information in the close-far or up-down dimensions was enough to solve the task. Together, these results demonstrate that the processing underlying the crossed-hands deficit is related to the encoding of tactile localization in three-dimensional space, rather than related uniquely to the cost of processing information in the right-left dimension. Furthermore, the persistence of the crossing effect provides evidence for automatic integration of all available information during the encoding of tactile information.
a b s t r a c t
To perceive the location of touch in space, we integrate information about skin-location with information about the location of that body part in space. Most research investigating this process of tactile spatial remapping has used the so-called crossed-hands deficit, in which the ability to judge the temporal order of touches on the two hands is impaired when the arms are crossed. This posture induces a conflict between skin-based and tactile external spatial representations, specifically in the left-right dimension. Thus, it is unknown whether touch is affected by posture when spatial relations other than the rightleft dimension are available. Here, we tested the extent to which the crossed-hands deficit is a measure of tactile remapping, reflecting tactile encoding in three-dimensional space. Participants judged the temporal order of tactile stimuli presented to crossed and uncrossed hands. The arms were placed at different elevations (up-down dimension; Experiments 1 and 2), or at different distances from the body in the depth plane (close-far dimension; Experiment 3). The crossed-hands deficit was reduced when other sources of spatial information, orthogonal to the left-right dimension (i.e., close-far, up-down), were available. Nonetheless, the deficit persisted in all conditions, even when processing of non-conflicting information in the close-far or up-down dimensions was enough to solve the task. Together, these results demonstrate that the processing underlying the crossed-hands deficit is related to the encoding of tactile localization in three-dimensional space, rather than related uniquely to the cost of processing information in the right-left dimension. Furthermore, the persistence of the crossing effect provides evidence for automatic integration of all available information during the encoding of tactile information.
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Introduction
Localizing touch in space is essential for spatially-coordinated action. To swat away a fly on our arm, we need to know not just where on the arm the fly landed, but also the posture of the arm in space. Thus, tactile localization (caused in this case by the insect) entails the transformation of the location of touch in a reference frame that is skin-based (a touch on the right arm) to one that is defined by coordinates in external space (a touch on the right side of space) and the subsequent integration of these two reference frames. It has been proposed that the external reference frame, in which tactile events are encoded after remapping, relies strongly on a visually-based representation of space (Begum Ali, Cowie, & Bremner, 2014; Ley, Bottari, Shenoy, Kekunnaya, & Röder, 2013; Röder, Rösler, & Spence, 2004) . However, this proposal leaves open how this representation for touch in a three-dimensional space is characterized and the way the different dimensions interact.
Tactile remapping has been generally studied by manipulating limb posture, especially by crossing the arms. In this posture, a touch on the right hand (in skin-based coordinates), is located in left space, creating an incongruence between reference frames in the right-left dimension (Shore, Spry, & Spence, 2002; Yamamoto & Kitazawa, 2001 ; for a review see Heed, Buchholz, Engel, & Röder, 2015) . A well-known consequence of this conflicting information is the impairment in the ability to report the order of two stimuli, one applied to each hand, when hands are crossed (Heed & Azañón, 2014; Shore et al., 2002; Yamamoto & Kitazawa, 2001 ). In such instances, the order of two stimuli might be correctly computed, but it is inaccurately reported because of the incorrect localization of the stimuli in space (Badde, Heed, & Röder, 2016; Overvliet, Azañón, & Soto-Faraco, 2011; Roberts & Humphreys, 2008) . This result has been interpreted as evidence that posture is taken into account automatically, even if this impairs task performance (Azañón, Camacho, & Soto-Faraco, 2010; Kitazawa, 2002; Yamamoto & Kitazawa, 2001 ). In the remapping literature, this idea has been extrapolated indirectly to all postures, to the extent that it is generally assumed that tactile remapping (or the encoding of touch in external space) is a general http://dx.doi.org/10.1016/j.cognition.2016.09.007 0010-0277/Ó 2016 Elsevier B.V. All rights reserved.
